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ABSTRACT 

We have undertaken a survey for H I 21 -cm absorption within the host galaxies of z ^ 1.2 — 
1.5 radio sources, in the search of the cool neutral gas currently "missing" at z > 1. This 
deficit is believed to be due to the optical selection of high redshift objects biasing surveys 
towards sources of sufficient ultra-violet luminosity to ionise all of the gas in the surrounding 
galaxy. In order to avoid this bias, we have selected objects above blue magnitudes of _B ~ 
20, indicating ultra-violet luminosities below the critical value of Lyv ^ 10^'^ W Hz^^, 
above which 21 -cm has never been detected. As a secondary requirement to the radio flux 
and faint optical magnitude, we shortlist targets with radio spectra suggestive of compact 
sources, in order to maximise the coverage of background emission. From this, we obtain 
one detection out of ten sources searched, which at 2 = 1.278 is the third highest redshift 
detection of associated 21 -cm absorption to date. Accounting for the spectra compromised 
by radio frequency interference, as well as various other possible pitfalls (reliable optical 
redshifts and turnover frequencies indicative of compact emission), we estimate a detection 



rate of « 30%, close to that expected for Luv ~ 10 W Hz sources. 

Key words: galaxies: active - quasars: absorption lines - radio lines: galaxies - 
galaxies - galaxies: fundamental parameters - galaxies: high redshift 



ultra violet: 



1 INTRODUCTION 

1.1 A paucity of cool neutral gas at high redshift 

Despite the detection of large columns of neutral hydrogen in the 
early Universe, th rough the known 1 500 damped Lyman-g ab- 
sorbers (DLAs, se ejCurran et al.l2002l : lNoterdaeme et al.ll2009l and 
references thereinjj, at only 80, detections of the 21 -cm transition 
of neutral atomic hydrogen at z ^ 0.1 remain rare0 Detection of 
this at high redshift is of particular importance since this transition 
traces the cool component of the neutral gas, the reservoir for star 
formation, whereas the Lyman-a transition traces all of the neutral 
gas. 
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Where the neutral hydrogen column density exceeds A^hi = 2 x lO^*^ 
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The low probability of the transition, compounded by the inverse 
square law, renders 21 -cm in undetectable in emission at 2 0.1 (see 
ICatinella et al.ll200^ . In absorption however, the strength of the line only 
depends upon the column density and the flux of the continuum source, 
allowing this to be detected to much higher redshift. 



The paucity of redshifted 21-cm absorption to date can largely 
be attributed to the low fraction of background sources with suffi- 
cient radio flux 0.1 Jy), the naiTow bandwidths free of radio 
frequency interference (RFI), as well as the limited frequency cov- 
erage of current radio telescopes. Of the detections, half are due to 
abs orbers intervening the sight-lines to more distant radio sources 
(see lGupta et al.ll2012l and references therein), with the other half 
bein g associated with the gas in the host galaxy of the source itself 
(see Curran & Whiting||2010l and references therein). Furthermore, 
both types of absorber are subject to additional selection effects, 
increasing the difficulty of detection at high redshift: 

- For the intervening absorbers, the majority of detections occur 
at redshifts of z < 2 (see lCurranl2oTol) and for those known to con- 
tain large columns of neutral hydrogen (the DLAs), the detection 
rate at 2: > 2 is only a third that at z < 2 (60%, cf. 20%). This is be- 
lieved to be due to the geometry effects introduced by an expanding 
Universe, where high redshift absorbers are always disadv antaged 
in ho w effectively they intercept the background emission dCurranl 
[201I . 

- For the associated absorbers, at lower redshifts (2 ;S 1) there 
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is a ~ 40% probability of a detection, depending on whether the 
large-scale gas disk interc epts the line-of-sight to the radio source 
jCurran & Whitin3l2010h . However, at higher redshifts the prob- 
ability of a detection falls drastically. This is believed to be due 
to the traditional optical selection of targets, where the availability 
of a redshift b iases towards the most ultra-violet luminous sources 
jCurran et al 1 12008ft . For most of the radio sources known at these 
large luminosity distance s all of the neutral gas is probably ionised 
dCurran & Whiting|l2012h . 

This highlights a major difference between the two types of ab- 
sorber: While there are equally few detections of 21 -cm in inter- 
vening systems, all of these are known or suspecte4f] to contain 
large columns of neut ral hydrogen and, where searched, 21-cm de- 
tection rates are high dOupta et al.ll2012h . However, within the high 
redshift radio sources themsel ves, the neutral gas may be truly ab- 
sent (the "UV interpretation". ICurran & Whitindl2"012l) and until a 
population of 21-cm absorbing galaxies is found, this material, the 
reservoir for star formation, may be regarded as "missing". Finding 
these missing systems is of utmost importance in quantifying the 
number of gas-rich galaxies which exist below the detection thresh- 
olds of optical spectroscopy. Based upon the UV interpretation, we 
therefore suggest that high redshift surveys should be directed to- 
wards the most optically dim radio sources, where the faint magni- 
tudes indicate that the ultra-violet luminosity of the active galactic 
nucleus (AGN) is below the critical ionising continuum luminosity 
of I/uv ~ 10^'^ W Hz^^, a bove whi ch associ ated 21-cm absorp- 
tion has never been detected dCurran et al. 2008 yCurran & Whitind 
I2OIOI : ICurranetal.ll2011al; lOrasha & Darlina,20lTl) FI 



1.2 Source selection 

Ideally, we would like to search for associated 21-cm absorption 
at redshifts of z ^ 3, the regime of the original e xclusive non- 
detec tions which alerted us to the critical luminosity dCurran et al.l 
2008h and where there is currently only one detection (at z = 3.4, 



UsonetalJl99ll) . However, our usual sour ce catalogues, the Parkes 



Half-Jansky Flat-spectrum Sample (PHFS. lPrinkwater et al.ll997h 
and Q uarter-Jansky Flat-spectrum Sample (PQFS, Jackson et al.l 
l2002h . yield only two sources with suitably faint blue magnitudes 
(B > 22, cf. Fig. [B in the 90-cm band ( z = 3.09 - 3.63) , 
both of which have been previously searched dCurran et al.lbOOSh . 
Furthermore, the remaining catalogues of radio sources, whic h 
have both magnitudes and redshifts available ( ICurranetal.l2011bl) . 
yield only ultra-steep spectrum sources in the 305-360 MHz band 
(2 = 2.9 — 3.7). The steep radio spectra may indicate very extended 
emission, minimising the covering factor, /, of the neutral gas, pos- 
sibly a cause of the exclusive n on-detections of I/ 1216 
Hz~^ sources at these redshifts dCurran et al 1l2012b . 

In order to bypass these issues, we are forced to probe lower 
redshifts {z ~ 1.2 — 1.5), where 21-cm is redshifted into the 610 
MHz band of the Giant Metrewave Radio Telescope (GMRT)[f| In 
order to avoid steep spectrum sources, we have therefore prioritised 



Having a rest-wavelength of A = 1216 A, the Lyman-a transition can 
only be detected by ground-based telescopes at redshifts of 2 ft 1.7. At 
z J; 1.7, the Mg II A = 2796 A e quivalent width may be used infer the 
presence of a DLA )Rao et alj|2006l) an d perhaps even to estimate the total 
h ydrogen col u mn de nsity dCun-anlbOldl) . 

* IPage et all i2012l) also find a critical X-ray luminosity, above which 
sources are not detected in 250 /xm continuum emission. 
^ http://gmit.ncra.tifr.res.in/ 



the faintest objects mostly from the PHFS and PQFS, where the 
blue magnitudes of _B > 20 indicate luminosities of L1216 ~ 10^'' 
W Hz~^ at these redshifts (Fig.[T). These catalogues, by definition, 
comprise of sources with flat spectra over 2.7-5.0 GHz, although in 
order to obtain a sample of ten, a few were added from the other ra- 
dio catalogues (see Table[TJ, with the priority of B > 20 and a flux 
density in excess of 0. 1 Jy, meaning that a target with a flat spec- 
trum or a clear turnover frequency could not always be included. 
From a survey of these ten objects, we report the third highest red- 
shift detection of associated 21-cm absorption to date (at z = 1.278 
in SDSSJ154508.52-I-475 154.6), as well as eight upper limits and 
one source lost to RFI, which we present and discuss here. 



2 OBSERVATIONS 

Each of the sources was observed on 22-24 January 2012 with the 
GMRT full 30 antenna array, using the 610 MHz receiver backed 
with the FX correlator over a bandwidth of 16 MHz. This was 
spread over 512 channels in orthogonal circular polarisations, giv- 
ing a channel spacing of ~ 15 km s~^. This is sufficient to spec- 
trally resolve all of the associated 21-cm absorbers cur rently known 
(which range from 18 to 475 km s~'^. Icurran et al. while 
maintaining a redshift coverage of /S.z ~ ±0.03, in order to cover 
any uncertainties in the optical redshifts of the targets. Each source 
was observed for a total of two hours with the aim of reaching a 
3(7 optical depth limit of r ;S 0.01 per channel, or a sensitivity to 
iVm < 2 X 10^^ (T,pi„//) cm which is close to the lower limit 
for the published 21-cm searches. 

For each source, 3C48, 3C 147 and 3C286 were used for 
bandpass calibration and a strong nearby point source for phase 
calibration. The data were flagged and reduced using the MIRIAD 
interferometry reduction package, with flagging of the edge chan- 
nels leaving the central 470 channels, giving a span of « ±4000 
kms~^. After averaging the two polarisations, a spectrum was 
extracted from the cube. As per usual when reducing GMRT data 
with MIRIAD, it was not possible to flux calibrate the targets via the 
gpboot task. The flux densities of the (mostly unresolved) sources 
were found to be generally lower than those estimated (Table [T]l, 
although the derived optical depths will be accurate. Regarding 
each source: 

PKS 0220-349 was observed for a total of 2.58 hours. After 
flagging of non-functioning antennas (22 and 23), the RR polar- 
isation seemed worst affected be RFI. Further flagging left 145 
baseline pairs in this polarisation and 378 in the LL. The source 
was partially resolved by the 10.9" x 6.8" synthesised beam. 
BZQJ0301-I-0118 was observed for a total of 2.08 hours. All 
antennas were functioning, giving a high quality image from the 
435 baselines pairs. Upon the extraction of a spectrum, however, 
the bandpass was dominated by spikes and flagging of the worst 
affected data, leaving 374 baseline pairs, revealed a sinusoidal 
ripple. Further flagging reduced this somewhat, although it was 
still evident. The source was partially resolved by the 6.8" x 5.0" 
synthesised beam. 

PKS 0357-264 was observed for a total of 1.53 hours. All antenna 
were functioning, but severe RFI meant that no reasonable image 
nor spectrum could be produced. Flagging of the baselines in 
which r.m.s. noise level exceeded 1 Jy, left only 12 baseline pairs 
from which the image and spectitim fared no better 
PKS 0400-319 was observed for a total of 2.01 hours. RFI meant 
that all but the first 30 minutes of the data had to be flagged on 
all baseline pairs, before a satisfactory image could be produced, 
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Figure 1. The blue magnitudes of the redshifted associated 21-cm searches (compiled in ICurran & WhitindEoiotlAnison et al.ll2012h . The filled symbols 
show the detections and the unfilled symbols the non-detections, with the squares showing the previous targets and the circles our targets (all but one are 
non-detections, Sect.|2)- The curve shows which B magnitude corresponds to the critical L^jy = lO'^^ W Hz~ ^ , above which all o f the gas will be ionised, 
for a spectral slope of q = —1.5, used to select the targets (cf. figure 5 of lCurranetai1l2()09l and figure 1 of lCurran et ai]|2012h . The look-back time is 
calculated for Hq = 71 km s~^ Mpc~^, Omattor = 0.27 and Ha = 0.73 (used throughout the paper). 



although the extracted spectrum still exhibited spikes. The source 
was unresolved by the 9.1" x 5.8" synthesised beam. 
PKS 0511-220 was observed for a total of 2.07 hours. All 
antennas were functioning, giving a high quality image from 
the 435 baselines pairs. The extracted spectrum was, however, 
dominated by spikes, due to RFI throughout the observing run. 
We therefore flagged all baselines pairs for which the r.m.s. noise 
level exceeded 1 Jy, leaving 147 pairs. The extracted spectrum, 
although noisier, was far less dominated by the spikes which 
marred the unflagged spectrum. The source was unresolved by the 
10.7" X 5.4" synthesised beam. 

[HB89] 1004-018 was observed for a total of 2.38 hours. All 
antennas were functioning, although baselines consisting of 
antenna 7 and a number of other baselines pairs, which exhibited 
a ripple, were flagged. This left 401 baseline pairs and the source 
was unresolved by the 6.3" x 5.3" synthesised beam. 
CGRaBS J1334-1150 was observed for a total of 1.89 hours. All 
antenna were functioning and only the LL polarisation of antenna 
17 had to be removed. Following this, a satisfactory image was 
produced from which the extracted spectrum showed evidence 
of absorption with a peak of z = 1.402292, i.e. redshifted by 
40 kms~^ and within = 0.0001 of the optical redshift 
(2 = 1.402). However, since this, and other similar features of 
a single channel width, appear at various locations in the image, 
we believe that this is a birdie. The source was unresolved by the 
7.4" X 6.0" synthesised beam. 

CGRaBS J1409-2657 was observed for a total of 2.04 hours. 
Although all antennas were functioning, phase calibration was 
not possible until the LL polarisation was removed. Upon this, 
an image could be produced and further flagging of bad baselines 
(leaving 349 pairs) revealed a double source (Fig. |2). Although 
some other artifacts remain in the image, further CLEANing of the 
data was detrimental. 

4C -1-04.51 (PKS 1518-1-047) was observed for 1.66 hours, although 
RFI meant that the last 40 minutes has to be removed. All antenna 
were functioning and, due to the strength of the source, self 
calibration produced a high quality image, although some spikes 
are still evident in the bandpass. The source was unresolved by the 
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Figure 2. GMRT 585 MHz continuum image of J1409-2657. The 9.4" X 
6.0" synthesised beam is shown in the bottom left comer. 

6.3" X 5.1" synthesised beam. 

SDSS J154508.52-I-475154.6 was observed for 2.07 hours. Flag- 
ging of non-functioning antennas (22, 23 and 30), left 35 1 baseline 
pairs, from which an absorption line was clearly apparent in each 
polarisation of the averaged spectra. The source was unresolved by 
the 9.9" X 6.4" synthesised beam. 

In Fig. [3] we show the final spectra and summarise the results 
in Table[T] 

3 RESULTS AND DISCUSSION 

3.1 Detection of associated Hi 21-cm at z = 1.278 

The survey has resulted in a clear detection of redshifted H I 21- 
cm absorption, which we show in Fig. |4] The deepest feature has 
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Figure 3. The full-band extracted spectra. The ordinate gives the flux density [Jy] and the abscissa the barycentric frequency [MHz]. The downwards arrow 
shows the expected frequency of the absorption from the optical redshift, with the horizontal bar showing a span of ±200 km s^^ for guidance (the mean 
profile width of the 21-cm detections is 167 km s~^). The scale along the top axis shows the redshift of H I 21-cm. 

Table 1. The strong radio sources with B ri, 20, in which Hi 21-cm falls into the 570-650 MHz band, searched with the GMRT. z is the optical redshift 
of the source, 5est is the flux density estimated by interpolating between 0.4 and 1.4 GHz (except for J1406-2657 which is extrapolated between 1.4 and 
2.7 GHz), 'S'meas the measured flux density [Jy], AS" is the peak depth of the line/r.m.s. noise [Jy] reached per /\v channel [km s and r the derived 
optical depth, where t = — ln(l — 3AS'/5cont) is quoted for the non-detections. Afjji is the resulting column density [cm~-^ K~^], where T^pin is the 
spin temperature and / the covering factor, followed by the redshift range over which the limit applies. Finally we list the B magnitude, which suggested 
Luv ~ lO'^^ W Hz^^ for each source, followed by the catalogue reference. 



Source 



AS 



Av 



-range 



B 



Ref 



PKS 0220-349 


1.49 


0.58 


0.146 


0.019 


17.1 


< 0.48 


< 2 X 10^'' 


1.470-1.503 


21.50 


D97 


BZQJ0301-H0118 


1.221 


0.74 


0.340 


0.007 


15.3 


< 0.06 


< 2 X IQi** 


1.192-1.245 


20.5 


J02 


PKS 0357-264 


1.47 


1.26 




NO LIMITS AVAILABLE DUE TO RFI 


1.434-1.493 


21.76 


D97 


PKS 0400-319 


1.288 


0.65 


0.219 


0.019 


15.7 


< 0.30 


< 9 X 10^® 


1.262-1.318 


20.21 


D97 


PKS 051 1-220 


1.296 


0.61 


0.187 


0.004 


15.8 


< 0.07 


< 2 X 10^** 


1.279-1.302 


20.24 


D97 


[HB89] 1004-018 


1.2154 


0.60 


0.248 


0.003 


15.2 


< 0.04 


< 1 X 10^* 


1.192-1.244 


20.33 


D97 


CGRaBSJ1334-1150 


1.402 


0.37 


0.109 


0.002" 


16.5 


< 0.06 


< 2 X 10^® 


1.376-1.436 


20.5 


J02 


CGRaBSJ1409-2657 


1.43'' 


0.10 


0.039 


0.004 


16.7 


< 0.37 


< 1 X 10^^ 


1.396-1.454 


21.8"= 


W92,D97,J02 


4C-H04.51 


1.296 


4.94 


1.515 


0.002 


15.8 


< 0.004 


< 1 X 10^'"'' 


1.263-1.317 


24.14"= 


W85,S96 


SDSSJ154508.52-I-475154.6 


1.277 


0.76 


0.304 


0.019^ 


15.6 


0.065 


1.8 X 10^^ 


1.2780 


24.639 


T94,M98 



References: W 85 -IWall & Peacocld h985ll. W92 -[w hite 1 199^), T94 - iTavlor et al] l ll994h . S96 - IStickel & KUtiil h996ll . D97 - lorinkwater et alj h997l) 
[PHFS], M98 - iMachalsd \l99^ . J02~ |jackson et alj t2O02l) [PQFS]. 

Notes: "Noise level is valid over region excluding t he absorption spike, redshifted by 40 km (z = 1.4023) with respect to the reference redshift. 
''Quoted valu e of ^ = 2.43 JPrinkwater et al.lll997b is probably incorrect (Sect. I3.2.5> . "B magnitude from J02 (D97 quote B = 20.30). '' 21-cm also 
undet ected bvlGupta et all )2006l) to a weaker limit [TVhi < 6 x 10^^ (Tspin/f) cm'^]. "^Estimated from V = 22.80 iWafl & Peac"oc^ll985 ). using the 
fits in Cumn^Whiting 1 201C ). ^The peak depth of the absorption. The r.m.s. noise is 0.002 Jy. 9 Estimated from R = 21.76 iMachalskll 19981) . using the 
fits in Curran & Whiting 1 201C I. 



a redshift of Zpcak = 1.27851, which is redshifted by 65 km s~ 
from the mean-weighted value of Zmoan ~ 1.27802 ± 0.00002, 
which itself is redshifted by 134 km from the reference opti - 
cal value of z^pt = 1.2772 ± 0.002 l lVermeulen & Tavlod[l995l) . 
The feature spans 280 km s~\ with a full- width half maximum of 
FWHM= 151 ± 8 km s^^, giving an integrated optical depth of 
J rdv — 9.69 ± 0.53 kms^^. This yields a column density of 



JVhi = 1.77 ± 0.10 X 10" (Tspin//) cm~^ which for a mod- 
est Tspin/f ^ 10 K (cf the lowest T^pin/ f = 60 K yet found, 
ICurran et al.]|2007h . qualifies this as a damped Lyman-a absorber. 
The highest column densi ty of both the SPSS DR5 and DR7 DLAs 
isiVni = 8 x 10^^ cm"^ jProchaska et al.l2008l : [Noterdaeme et all 
1 20091 respectively), which the new detection attains for Tepin/ f = 
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Figure 4. Hi 21-cm absoiption in SDSS J154508.52+475154.6. The ordi- 
nate shows the observed optical depth, for a continuum level of 0.304 Jy, 
and the abscissa velocity offset from the mean-weighted redshift of 
1.2780. 

450 K, well below the mean value of T^pin// = 1800 K jCurraij 
I20TI) . 

3.2 Properties of the sample affecting the detection of 21-cni 

3.2.1 Sensitivity limits 

In Fig. |5] (top panel) we show the line strength of the detec- 
tion and the limits for the eight non-detections, in context of the 
previous searches. From this we see that approximately half of 
our non-detections have been searched to reasonable limits, i.e. 
Nm. (//Tspin) ~ 10^* cm~^ and so these are sensitive 

to the majority of the 21-cm detections. One out of nine targets 
is a detection rate of only « 10%, although considering that 
three (0220-349, 0400-319 & J1409-2657) have 3cr limits to only 
A''hi ^ 10^'-* (Tspin//) cm"2, one out of six (a rate of « 17%) 
could be more appropriate. This is, however, still low in compar- 
ison to the ^ 40% geit erally found at Luv ~ 10^^ W Hz"^ 
jCurran & Whitindl2010l) . this rate arising from the likelihood of 
the large-scale gas disk being orientated so that it intercepts our 
line-of-sight to the AGN. We discuss the possible reasons for this 
low detection rate here. 

3.2.2 lonisation of the neutral gas 

Although there is an apparent critical luminosity of L1216 ~ 
L912 = l/uv ~ 10^^ W Hz-i above which 21 -cm has never been 
detected l lCurran et al. I I2008I : Ic urran & Whiting|l20T2h , the gas is 
ionised by all photons of wavelength A ^5 912 A. We are therefore 
interested in the total ionising luminosity, [L^/u) dp, where 

v.^^ = 3.29 X 10^^ Hz, which we derive from the SED fits to the 
photometry (Fig. [6)0 Dividing the total ionising luminosity by the 
Planck constant, i.e. (Lv/hu) du, gives the ionising photon 
rate ( IOsterbrocklll989h ,' which we show in Fig. |5] (bottom panel) 
and summarise in Table |2] From this, we see that the 21-cm de- 
tection (J 1545-1-4751) arises in the second least luminous source 
(the faintest being 4C -1-04.51, which also has the strongest limit, 
Table[B. 

Note that these are two of only three sources below 5.1 x lO'''' 

^ See lCuiTan et al.l j2012l) for a detailed description of the polynomial fits 
to the SEDs. 
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Table 2. Radio properties and luminosities of the targets, j^^q is the rest- 
frame turnover frequency, where the upper limits designate no observed 
turnover (which is thus assumed to occur below the observed frequencies), 
followed by the spectral index at the rest-frame 21-cm, a. In the last three 
columns, we list the A = 1216 A rest-frame continuum luminosity and the 
ioni sing (A 912 A) photo n rate, both corrected for Galactic extinction 
(see lCurran & Whiting||2012l) . 



Source 


v^o [GHz] 


a 


L1216 [WHz-i] 


rate [s ^ ] 


0220-349 


17 


0.51 






I0301-I-0118 


< 0.17 


-0.46 


6.6 X 10^2 


1.2 X 10^*^ 


0357-264 


< 1.0 


-0.21 






0400-319 


5.9 


0.30 






0511-220 


8.5 


0.06 


4.5 X 10^2 


5.2 X 10^5 


1004-018 


< 0.16 


-0.13 


2.4 X 10^3 


5.6 X lO^s 


11334-1150 




0.13 






11409-2657 


28 


1.13 


4.7 X 10^2 


4.2 X 10^5 


4C -1-04.51 


0.45 


-0.37 


1.0 X 10^2 


6.5 X 10^* 


I1545-I-4751 


0.89 


-0.09 


1.6 X 1022 


2.1 X 10^5 



s ^, the highest p hoton rate at which the re has been a 21-cm de- 
tection (in 3C 216. IVermeulen et al.ll2003l) . the third being 11409- 
2657 which has been searched to a poor limit [allowing A'^hi ^ 
1.1 X lO'^^ (Tspin/ f) cm~^]. Of the remaining six targets, three 
are above 5.1 x 10^^ s^^ and photon rates cannot be determined 
for the other three (Fig.|6), although all but one of the six for which 
photon rates could be determined are below the critical value of 
2.9 X lO^*" s^^ (estimated from the critical observed luminosity of 
^912 = 1.1 X lO^'' W Hz^^ and the c omposite UV spectral in - 
dex of the sources above this luminosity, ICurran &Whitindl2012l) . 
If we exclude 11409-2657 on the basis of its poor limit, apply- 
ing 5.1 X 10^^ s~^ as the cut-off gives a 50% detection rate and 
2.9 X 10^*^ s"^ a 25% rate, below the cut-off. Both are close to the 
« 40% expected for Luv ~ 10^^ W Hz"^ sources. Given that a 
photon rate could not be determined for J1334-1 150, although this 
has been searched to A^hi < 2 x 10^* (Tspin//) cm~'^, our detec- 
tion rate could be lower (see Sect. |3.2.5] for further discussion). 

3.2.3 Coverage of the background flux as traced through radio 
properties 

From the above, it is possible that the detection rate is as high as 
50%, if the highest photon rate at which 21-cm has been detected 
is close to the critical value at z i 1: The value of 3 x 10^^ 
s~^ is sufficient to ionis e all of the neutral gas in a large spiral 
( ICurran&Whitindl2012h and so any evolution in galactic mor- 
phology with redshift, where there is a larger fraction of smaller 

i ;alaxies at large lo ok-back times, could lower this critical value 
Curran et al.l l2012h . That is, since our targets are at look-back 
times which are at approximately half the age of the Universe (Fig. 
[Sj, a lower critical value may be applic able. 

Nevertheless, ICurran et al.l (1201 2[) cannot rule out steep radio 
spectra, indicating extended sources, as a cause of their exclusive 
non-detections at 2 > 2. This motivated the preference for SEDs 
which exhibit a clear turnover for this surve y. To verify that ou r 
targets fulfil this requirement, as described in lCurran et al J ( 1201 2h . 
we fit a third order polynomial to the < 10^^ Hz photometry in 
order to obtain a radio SED (Fig. |6), from which we obtain the 
turnover frequency and a spectral index (Table |2]. 

From this, we see that six of the targets have clear turnover 
frequencies in the observed bands, of which the detection is one, 
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this also having the second flattest spectral index. For the previous 
z ^ Z survey dCurran et aLll2012l) . the mean turnover frequency 
was {u^^) ^ 0.08 GHz (cf. « 0.15 GHz for the 21-cm detec- 
tions) and the spectral index (a) ^ 1.0 (cf. « 0.3 for the de- 
tections). As required, our targets generally have higher turnovers 
((^To) ~ GHz for all and 1.6 GHz for those with limits of 
A^Hi :S 10^^ (rspin//) cm"^) and flatter spectra ((a) ^ for all 
and -0.2 for those with limits of iVHi :£ 10^'-* (T^^in /f) cm~^) 
This indicates that these are more compact sources jFanti et al] 
1 19901) and so should generally cover the background emission at 
least as effectively as those previously detected in 21-cm. 

Lastly, it is interesting to note that, from VLBA observations, 
the d etected source is known to be very compact - 13.3 mas at 5 
GHz teelmboldt et"ani2007l) . This coiTesponds to a linear size of 
just 112 pc at z = 1.278. 5 GHz is 11 GHz in the rest-frame and 
assuming that the source is an order of magnitude larger at 1 GHz, 
means that an absorber of diameter ~ 1 kpc would be sufficient 
to intercept all of the emission. Unfortunately, high resolution ra- 
dio maps are not available for the other targets, due in part to the 
selection of a large proportion of southern sources. 

3.2.4 Excitation of the gas by radio emission 

As well as being below the critical photon rate and having radio 
SEDs indicative of a compact radio source, we note that the de- 
tection has the lowest radio continuum luminosity of the sample 
(iradio = 3 X 10^^ W Hz~^ at 1.4 GHz, Fig.^. As wefl as ioni- 
sation of the gas, excitation to the upper hyperfine level by A ^ 21 
cm ph otons, raising the spin temperature of the gas dPurcefl & Fieidl 
may also cause the gas to be undetectable in 2 1-cm absorp- 
tion. U nlike the A — 1216 A continuum luminosity. ICurran et al.l 
( I2OO8I) found no correlation between the A = 21 cm continuum 
luminosity and the incidence of detection, although, as with the 
former (Sect. I3.2.2t . the monochromatic luminosity does not give 
the full picture. 

Therefore, in Fig. |7] we show the radio power, f^i^ Li, dv, 

where vi = 1420 MHz and V2 = 100 GHfl for all of the sources 
searched in 21-cm absorption. From this, we see that while the ra- 
dio power for J 1545+475 is low compared to the rest of our targets, 
it is higher than some of the z ^ 2 sources. In fact, most of these 
high redshift non-detections have radio powers below 9.8 x 10^** 
W, the highest value for a 21-cm detection, indicating that excita- 
tion to the upper hyperfine level by A ^ 21 cm photons cannot 
account for the non-detections at high redshift. Given the 33% de- 
tection rate (40 out of 121) at < 9.8 x 10^* W, the binomial prob- 
ability of zero detections out of eight at > 9.8 x 10^* W is 0.041, 
which is significant at only 2.05cr, assuming Gaussian statistics. By 
comparison, th e significance is 5.4(7 for the ionising photon rate 
( ICun-an& Whiting..201Z) . 

3.2.5 Redshifts 

Another possible reason for the non-detection of 21-cm absorption, 
in at least some of the targets, is inaccurate optical redshifts, since 
in trawling the 24 000 entries of the suitable radio catalogues (Sect. 
11.21 ), the optical spectra were not checked. As seen from Fig. [3] we 

^ Ideally, U2 = 00 but we have restricted t his to 10^^ Hz, up to which 
we believe the radio SED fits to be accurate l lCurran et ani2012l) . For the 
sources which do exhibit reasonable polynomial fits to the SEDs, v ft 
10^^ Hz photometries make very httle contribution to the power. 



Table 3. The source references of the redshifts and the likelihood of a 21-cm 
detection, where '•/' shows a favourable value, 'x' an unfavourable value 
and '-'an indeterminable value. ' Zopt ' is the optical redshift which receives 
a tick if deemed reliable and a cross if marginal ('-' signifies that the spec- 
trum is not published and thus cannot be checked, see main text). is the 
optical depth limit, which receives a tick if the r.m.s. noise level obtained 
gives a limit of A^hi < 1 x lO^^ (Tspin//) cm-^ per channel (Table[T), 
followed by the ionising photon rate, which receives a tick if < 2.6 x 10^^ 
s~^, and the turnover frequency, which receives a tick if a turnover is ev- 
ident in the radio SED (Table [2). The last column shows if a detection is 
deemed possible. 



Source 


Redshift 


Ref 


^opt 




Rate 




Det. 


0220-349 


1.49 


D97 


x 


X 




/ 


N 


10301+0118 


1.221 


102 




/ 


/ 


X 


N 


0357-264 


1.47 


D97 


X 


X 




X 


N 


0400-319 


1.288 


D97 


/ 


X 




/ 


N 


0511-220 


1.296 


S89 


/ 


/ 


/ 


/ 


Y 


1004-018 


1.2154 


C04 


/ 


/ 


X 


X 


N 


11334-1150 


1.402 


J02 




/ 




X 


N 


11409-2657 


1.43 


D97 


/ 


X 


/ 


/ 


N 


4C +04.51 


1.996 


H91 




/ 


/ 


/ 


Y 


11545+4751 


1.277 


V95 




/ 


/ 


/ 


Y 



References: S89 -'Stic kel et all jl989h. H91 -iHeckman et alj <1994) . V95 
- Vermeulen & Taylor ( 19951), D97 -iDrinkwater et al.l ( ll997F [PHFS], J02 
- llackson et all (2002), C04 - ICroom et al.l j2004 . 



achieve a range of Zopt ±0.02 which is large compared with any 
expected statistical error in the optical redshifts. Of greater con- 
cern, is incorrectly classified spectral lines or noise in the spectra 
misidentified as real emission lines resulting in spurious redshifts. 
A literature search revealed six of the ten sources had published op- 
tical spectra and we checked the reliability of the redshifts of these 
objects. One source, JI409-2657, had an incorrect published red- 
shift of z = 2.43 while the spectrum had high signal-to-noise ratio 
emission lines clearly indicating a redshift of 2 = 1.43. Two other 
objects, 0220-349 and 0357-264, were deemed to have redshifts 
of marginal reliability, given the low signal-to-noise of the emis- 
sion lines used in the classification. The remaining three sources 
had a clear set of emission lines confirming the published redshift 
values. 

In order to account for all the possible factors leading to a 
non-detection, in Table [3] we flag the unreliable redshifts as incor- 
rect (xjfl as well as flagging other conditions not favourable for a 
detection - a poor sensitivity limit (Sect. 13.2. It . an ionising pho- 
ton rate above the critical value (Sect. 13.2.2) and the absence of 
a detected turnover in the SED, suggesting a low covering factor 
(Sect. [T23] l. That is, a full row of ticks {/), from Vg^' on, is re- 
quired for a possible detection (Y), whereas only one cross (X) is 
required to rule out the possibility (N). Summarising our targets 
thus, of the ten sources searched, we obtain only three in which 
the detection of 21-cm is feasiblelf] One of these is the detection, 
1 1545+475 1, which therefore gives a ~ 30% detection rate. Given 
the small numbers, this is close to t he rate expected at Luv ~ 10^"^ 
W Hz-i l lCurran & Whitindl2010l) . 

* Where the spectrum i s not published, we assume the derived redshift to 
be correct. For instance, IVermeulen & Taylor! ( Il995l) quote z = 1.277 ± 
0.002 for J1545+4751. 

^ Note that each of the sources for which the ionising photon rate is not 
known falls down by at least one X, thus allowing us to rale out the possi- 
bility of a detection even if the ionising flux were below the critical value. 
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4 CONCLUSIONS 
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In the third in a series of surveys (following ICurran et al.ll20 1 Ibl 
for redshifted Hi 21-cm in the hosts of radio galaxies and 
quasars, we have searched ten, mostly flat spectrum, objects at red- 
shifts of z ~ 1.2 — 1.5. This corresponds to look-back times of ~ 9 
Gyr, which is a range relatively unprobed by previous surveys for 
associated Hi 21-cm. This has resulted in one detection, whi ch at 
z = 1.2780, after 4C -1-05. 1 9 (z = 2.6365, iMoore et al.ll 19991) and 
B2 0902-1-34 {z = 3.3980. lUson et al.lll99ll) . is the third highest 
redshift detection of associated 21-cm absorption. 
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Of the remaining sources searched, one was completely lost to 
RFI, with another three being severely compromised (giving poor 
limits). After quantifying other pitfalls, which could prevent a de- 
tection, we estimate a detection rate of 30%. Although uncertain, 
this is consistent with the 40% rate generally found for those below 
the critical value (or luminosities of Luv ~ 10^"^ W Hz~^). This is 
in contrast to our previous survey of 2 > 2 sources, for which there 
were no detections. These sources did, however, have much steeper 
spectra than the current sample, which may suggest that ineffective 
coverage of the background emission could have contributed to the 
zero detection rate. 

Despite our deliberate selection of optically faint sources, the 
one detection highlights the difficulties in searching for highly red- 
shifted associated 21-cm absorption, where the selection of the nec- 
essarily faint objects introduces a bias towards objects for which 
the optical redshifts are poorly determined. Furthermore, by prob- 
ing these look-back times evolution in galactic morphologies may 
be an issue, where there is a larger fraction of smaller galax - 
ies at high redshift jBaker et aLlboOOl : iLanfranchi & Friacall2003h . 
For these the critical luminosity will be correspondingly lower 
jCurran & Whiting 2012), requiring the selection of even fainter 
optical sources in order to detect associated 21-cm absorption. 
Thus, through their wide fields-of-view and bandwidths, making 
them unreliant on optical redshifts, the next generation of radio 
telescopes (the Square Kilometre Array and its pathfinders) will 
be ideal in finding the neutral gas currently missing in the hosts of 
high redshift radio sources. 
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